Abstract -Numerical investigations of turbulent natural convection between concentric, cylinders has been carried out. Large Eddy Simulations (LES) have been performed on three different geometries. The first two consider a single inner cylinder at gap-based Rayleigh numbers of 1.18×10 9 and 2.38×10 10 and an aspect ratios R o /R i =4.87 and 3.37, respectively. The last LES run considers three internal cylinders. It reveals that the flow patterns in the decay heat pen are more complex than the one internal concentric cylinder cases. The two-equations RANS models predictions for this test case are less satisfactory than in the simplified test cases, while second moment closure results are closer to the LES predictions.
Introduction
In several Advanced Gas Cooled Reactors (AGCR), boiler penetrations run horizontally through the thickness of the reactor pressure vessel. The length of these penetrations is long compared with their diameter. At the bottom and top of the boilers, the penetrations contain tubes that carry water and steam respectively into and out of the boilers. In both cases the tubes are colder than the ambient pressurised carbon dioxide gas. The number of tubes within the penetrations ranges from 3 to 44, and tube size varies significantly. The tubes are supported along their length by a number of support plates, also intended to act as gas baffles. However, an angular gap exists between the plates and the outer penetration sheath tube to accommodate expansion and bowing of the tubes. Because of the high gas pressure, these gaps do not offer a significant resistance to the flow reaching the end of the penetrations.
The gas flows within the penetrations are generally long range thermosyphons, driven by temperature differences (Figure 1 ). The rate of heat transfer of the thermosyphons crucially governs how far into the penetrations the thermosyphons reach. Computational simulations are used to study the thermal fields of the penetrations. The turbulence model used to calculate the gas flows is a vital component of the predictions. The accuracy of current predictions in such situations is not currently quantified. Thus, the work described in this study has been undertaken to help define reliability of turbulence RANS model for use in undertaking calculations of this type of flows driven by temperature differences in horizontal penetrations.
For the purpose of validation studies natural convection in "infinite" annular cavities is considered. This allows periodic conditions in the pipe-axis direction for LES and 2D simulations with RANS. The early work of Bishop et al. [1] observed that transition start at a Rayleigh number of approximately 10 5 for a relative gap width between the concentric cylinders of 1.35. Later on, Bishop [2] performed an experimental study of turbulent natural convection of helium in a horizontal annulus at cryogenic temperatures and gap-width Rayleigh numbers ranging from 6×10 6 to 2×10 9 . The expansion number β∆T ranged from 0.25 to 1.0 for a constant Pr=0.668 and diameter ratio of 3.36. Then, McLeod and Bishop [3] Turbulence, Heat and Mass Transfer 5 used the same experimental set up of Bishop [2] for a radius ratio of 4.87 and gap-width Rayleigh numbers ranging from 8×10 6 to 1.18×10 9 . Miki et al. [4] carried out an LES study of this case to examine the effects of the Smagorinsky constant. The results showed that a smaller value than the "conventional" 0.065 was needed to obtain satisfactory results for the turbulent fluctuations. On the other hand, it has been found that the effects of C s on mean velocity and temperature were relatively small. Several RANS computations of the same geometry may be found in the literature: Chakir et al. [5] examined the effects of wall functions on the predictions of the eddy-viscosity model. Desai et al. [6] and Kumar [7] conducted numerical studies to examine the dependence of the flow patterns on the Rayleigh number, the Prandtl number and the radius ratio. Finally, Kenjereš and Hanjalić [8] conducted a numerical study of natural convection in annular cavities using a three equations k-ε-θ 2 model which they found to perform much better than the two-equation model in such geometry.
The following section presents the LES results obtained for the case of natural convection in a cylindrical cavity at Ra=1.18×10 9 , where comparison is made with the mean and rms temperature profiles measured in the experiment of McLeod et al. [3] . The LES results are then used in a second stage to examine the ability of the RANS models to mimic the flow features in such geometry, which is characterized by the presence of convex and concave curvatures of the walls, and flow impingement. This is followed by two other test cases considered in the present work to extend the validation database up to a Rayleigh number of 2.38×10 10 . Case2 with the aspect ratio of the cylinders radii R o /R i =3.37, and Case3 with three cylinders positioned inside the annuli at equal distances from its centre of gravity.
Turbulence models
All computations presented in this paper, were performed using the commercial STAR-CD code, previously validated for LES of buoyant flow in [10] . The classical Smagorinsky model with the near-wall Van Driest exponential damping function is used for LES. The value adopted for the Cs constant is equal to 0.04 based on parametric runs and using classic notations for the Smagorinsky model (see [9] and [10] ). Likewise, the SGS heat flux is modeled using the gradient diffusion hypothesis. Values ranging from 0.3 to 0.9 for the SGS Prandtl number (Pr SGS ) have been reported in previous studies. Hence, special consideration was given to the calibration of this parameter taking into account the dependence of the results on the numerical scheme selected for the convection term of the temperature (see Y. Addad [11] ).
The RANS models examined in the present work are; the linear and nonlinear k-ε models of Lien et al. [12] , the k-ω model of Wilcox [13] , the SST k-ω model of Menter [14] , and the RSM closure of Gibson and Launder [15] . For the different equations of these models and their incorporation in the code, see [16] . Details about the numerical procedure, meshes for the RANS and the LES runs, are described in the next section. This is followed by quantitative comparisons with experiments of McLeod and Bishop. Finally comparisons are made between LES results and the predictions of the RANS models for the other two cases.
Numerical procedure
As mentioned above, the coupled conservation equations are solved numerically using the
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STAR-CD 3.26 code. The code uses the collocated finite volume method to discretize the partial differential equations. The pseudo-transient RANS computations are carried out employing the second order centred scheme for the convection term in the momentum and the turbulence transport equations, while the MARS scheme is used for the convection term of the energy equation. This monotone scheme has been reported to return a more bounded solution and is recommended for scalars in RANS mode (see, [9] and [16] ). The pressure-velocity coupling is ensured using the PISO algorithm. Details on numerical procedure in regards to LES computations with the commercial code have been already reported in [10] and [11] and will not be repeated here.
Validation test case
The following presents the results obtained for the case of natural convection in a cylindrical cavity at Ra=1.18×10 9 , where comparison is made with the temperature and temperature fluctuations profiles measured in the experiment of McLeod et al. at the same Rayleigh number. The LES results are then used in a second stage to examine the ability of the RANS low-Re models to mimic the flow features in such geometry, which is characterized by the presence of convex and concave curvatures of the walls and flow impingement.
The physical model used in the test case 1 (shown in figure 2 ) consists of an annular gap enclosed between two concentric, horizontal cylinders of radii R i (inner cylinder) and R o (outer cylinder). For the LES runs, periodic boundary conditions are imposed at the axial ends of the annular enclosure implying an infinite length, while for the RANS computations, the symmetry boundary condition is employed in this direction of the domain. The natural convection flow is driven by the temperature difference between the hot inner cylinder and the cold outer cylinder. The radius ratio of the cavity is 4.87. All physical variables, with the exception of the specific heat coefficient, C p , are prescribed as a function of the temperature variation. This variable has been verified to undergo only an insignificant variation for the temperature range considered.
LES runs
The grid generation used for these computations was first started from a structured grid (coarse grid) 80×200×35 in the three cylindrical axes with a variable mesh grading used in the radial direction; then applying a locale refinement in the region of the accelerating flow above the inner cylinder. This resulted in a total grid size of 795,000 cells (fine grid). Figure 3 shows the averaged temperature and fluctuating temperature profiles at the angular positions 0° and 30° obtained from runs with coarse and fine grids. As it may be observed, as the grid is refined the optimum value of the SGS Prandtl number approaches the one usually reported in DNS data (Pr SGS =0.4). However, the present results seem to indicate that this value should be increased to 0.9 for a typical grid for LES computations. The maximum aspect ratio ν t /ν=1.7 is found around the plume like flow (figure 4), while in the rest of the domain most of the turbulence is resolved. Figure 5 also shows a large stagnation region. The lower part of the domain is dominated by 2-D sheets observed around the inner cylinder indicating that the flow is laminar in that region. In the presence of laminar regions, a dynamic SGS model might be recommended and would have alleviated the need to calibrate this parameter. However the Cs constant, only seems to significantly affect the second order
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statistics, and reducing Cs from 0.065 to 0.04 yields quite acceptable results.
RANS runs
The grid was generated only for the half of the domain assuming symmetry. Due to the geometry simplicity, a structured gird 120×120 is used. Similar to the LES grid, a variable mesh grading was used in the radial direction, while the cells are kept of the same size in azimuthal direction. This grid resolution has been used for the comparison between the RANS models predictions once the numerical tests presented in [9] , revealed that the results using this mesh satisfy the grid independency criteria. Figure 6 shows the temperature profiles obtained at different angular positions in comparison with the experimental and LES data. The k-ω and SST k-ω models predictions seem to be in a satisfactory agreement with the LES data sets; especially the k-ω profile is nearly overlapping the LES data at the angular position 0°. The k−ε models over-predict the temperature at this position, while they predict lower values at the angular positions 30° and 60°. The vertical velocity profiles (Figure 6 ) also show a superiority of the k-ω and the SST k-ω models predictions, which return a lower velocity in the core of the plume flow in good agreement with the LES data. The cause of the poorer performance of the k−ε models can be traced back to the higher plume temperatures but also to a delayed build-up of turbulence energy as shown in Figure 6 where model differences are the most dramatic. The results obtained with the k-ω and the SST k-ω models agree somewhat better with the LES data by predicting a turbulent transition at a very early stage in the plume, but with k levels significantly under predicted. The transition is more dramatically retarded with the non-linear k−ε model. Again at angular position 0° and where the plume impinges on the outer cylinder, the k-ε models exhibit the classical "stagnation point" over-prediction, even more so with the non-linear version, It should be noticed that the k-ω model also seems to return high levels of turbulence energy in the inner cylinder region (at the position 30° and 60°, which is not observed in the LES data sets. With the SST k-ω model, k levels are improved thanks to the production limiter incorporated in this model.
High Rayleigh number test case
The configuration for the second test case (case2) is similar to case 1, shown in Figure 1 . In opposition to the first case, the inner cylinder is cold, while, the outer cylinder is hot. The Rayleigh number based on the gap-width is 2.38×10 10 . The aspect ratio of the cylinders radii is R o /R i =3.37. The fluid contained in the annular cavity is pressurized carbon dioxide (CO 2 ) at a static pressure of 40 bar (Pr=0.76). The computational domains for LES and RANS are similar to the previous case. The resolution of the mesh used for the LES run is 600,000 cells and the one used for the RANS computations is 90×200 in the radial and angular directions respectively. 
Decay heat pen test case
The real (reactor) internal cold tubes arrangement in the decay heat pen with 3 coaxial cylinders is as illustrated in Figure 1 . The Rayleigh number and temperature difference are similar to case2 based on the effective gap-width (
). The LES run has been carried out using an unstructured grid with local refinement resulting in a total number of 600,000 cells. The RANS models examined hereafter are the high-Re. version of the k−ε model with standard wall function (Launder and Spalding [17] ), the high-Reynolds stress model (RSM) of Gibson and Launder [15] , and the high-Re. version of the k-ω model. The results obtained with the high-Re. versions of the two-equation models are presented here because only the high-Re versions are likely to be used in industrial studies of the full reactor geometry. However, it has to be mentioned that numerical tests with low-Re k−ε and k-ω models, not included here, revealed that the wall function do not seem to affect considerably the predictions. Figure 8 shows the normalized temperature field and the streamlines as predicted by the three RANS models in comparison with the LES results. The LES and the second moment closure predictions show streamlines from the 3 plumes converging together. This results in lower temperatures and a more dynamic flow-field induced by the gravity, creating an upward motion along the outer cylinder walls. The plume convergence pattern seems realistic and reminiscent of the Coanda wall jet effect or coalescing parallel jets. In opposition the streamlines constructed from the results of the two-equation k-e model indicate a smaller recirculation region. The flow from the two top cylinders does not impinge directly on the lower cold cylinder. Instead, it follows a longer curved path which allows for the flow to decelerate further before it reaches the lower region of the domain. As a result, the k−ε model predicts a larger stagnation region above the two cold small cylinders (while it was underestimated in the single cylinder (Fig. 7) . The results obtained with the k-ω model on average seem to be in closer agreement. Time dependent U-RANS simulations were also performed, but although the averaged variables fields seem in reasonable agreement with the steady runs (see figure 9) , the instantaneous field now shows large flapping motions of the cold plumes which is not observed in the LES run (figure 10). These are the early results obtained with this approach and further investigation is needed to check if this is associated with 3-D effects being neglected in the U-RANS computations or the model parameters have to be adjusted to handle the unsteady motion. Concerning the industrial problem, one may notice that the 3 tube configuration is less stratified than the single tube thanks to the multiple plume effect (which would decrease the thermosyphon effect in the 3D case). It needs to be checked, whether an even larger number of tubes will lead to a more homogeneous situation, or if at some point the density of obstacles might hinder the convection cells and reinforce the stratification.
Conclusion
The test case of turbulent natural convection between concentric cylinders Ra=1.18×10 9 and an aspect ratio R o /R i =4.87) has been used to calibrate the constants of the sub-grid LES model (the C s constant and the turbulent Prandtl number) and to choose the more suitable convection Turbulence, Heat and Mass Transfer 5 scheme for temperature. Then, two other tests cases of turbulent natural convection have been considered in this study. One case with similar geometrical arrangement as the first test case but Ra=2.38×10 10 and an aspect ratio R o /R i =3.37, and a third test case representing the real arrangement of the cold cylinders in the decay heat pen. As regards RANS computations, in general the k-ω and the SST k-ω models are observed to have a somewhat better ability to mimic the flow physics in the present turbulent natural convection test cases. The deficiency of the eddy-viscosity k-ε model becomes more apparent in the third test case, for which more realistic results are obtained, by using the second moment closure (figure 8).
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